LA-UR-01-5390

Approved for public release;
distribution is unlimited.

Recent Developments of the Cascade-Exciton Model

Title: .
of Nuclear Reactions

Author(s): | Stepan G. MASHNIK and Arnold J. SIERK

Submitted to: | International Conference on Nuclear Data for Science
and Technology, October 7-12, 2001, Tsukuba, Japan

http://lib-www.lanl.gov/la-pubs/00818526.pdf

Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by the University of California for the U.S. Department of

Energy under contract W-7405-ENG-36. By acceptance of this article, the publisher recognizes that the U.S. Government retains a nonexclusive, royalty-

free license to publish or reproduce the published form of this contribution, or to allow others to do so, for U.S. Government purposes. Los Alamos National
Laboratory requests that the publisher identify this article as work performed under the auspices of the U.S. Department of Energy. Los Alamos National Laboratory
strongly supports academic freedom and a researcher's right to publish; as an institution, however, the Laboratory does not endorse the

viewpoint of a publication or guarantee its technical correctness.
FORM 836 (10/96)



Recent Developments of the Cascade-Exciton Model of Nuclear Reactions

StepanG. MASHNIK* andArnold J. SIERK
T-16, Theoketical Division, Los AlamosNational Laboratory, LosAlamos,NM 87545 ,USA

Recentdevelopmentsof the Cascade-ExcitoModel (CEM) of nuclearreactionsare described. The improved
cascadexxiton model asimplementedn the code CEM97 differs from the CEM95 version by incorporatingnew
approximationgor the elementangcrosssectionausedin the cascadeysingmoreprecisevaluesfor nuclearmassesnd
pairing enegies,usingcorrectedsystematicgor the level-densityparametersandseveral otherrefinementsWe have
improved algorithmsusedin mary subroutinesgecreasinghe computingtime by up to a factorof 6 for heavy tamgets.
We describea numberof furtherimprovementsandchangeso CEM97, motivatedby new dataon isotopeproduction
measuredt GSI. This leadsusto CEM2k, a new versionof the CEM code. CEM2k hasa longercascadestage less
preequilibriumemission,and evaporationfrom more highly excited compoundnuclei comparedo earlier versions.
CEMZ2k alsohasotherimprovementsandallows usto bettermodelneutron radionuclide andgasproductionin ATW
spallationtamgets. The increasedaccurag andpredictive power of the code CEM2k are shavn by several examples.

Furthernecessaryork is outlined.

KEYWORDS: Intranuclear cascade preequilibrium, evaporation,and fission reactions,Monte Carlo simula-
tions, cascade-excitomodel,particle spectra,spallationand fissioncrosssections GSl data

. Introduction

The designof a hybrid reactorsystemdriven with a high
currentproton acceleratorequiresinformation aboutresid-
ual nuclidesthat are producedby high enegy protonsand
secondaryneutronsinteractingin the targetandin structural
materials. It is both physicallyandeconomicallyimpossible
to measureall necessarylata,which is why reliable models
andcodesareneeded A modelwith a goodpredictive power
both for the spectraof emittedparticlesandresidualnuclide
yieldsis the Cascade-ExcitoModel (CEM) of nuclearreac-
tions? A moremoderrversionof theCEM isimplementedn
the codeCEM952 which is availablefrom the NEA/OECD,
Paris. Following anincreasednterestin intermediate-engly
nucleardatainspiredby suchprojectsas AcceleratorTrans-
mutation of Wastes(ATW), AcceleratorProductionof Tri-
tium (APT), andothers,we developeda newer versionof the
cascade-eciton model, CEM97 34 CEM97 hasa numberof
improved physicsfeaturesanddueto significantalgorithmic
improvementss severaltimesfasterthanCEM95. It hasbeen
incorporatednto thetransportcodesystemMCNPX )

RecentGS| measurementsf interactionsof 2°8Pt") and
2388) at 1 GeV/nucleonand *7Au at 800 MeV/nucleor?)
with liquid 'H provide a very rich setof crosssectionsfor
productionof practicallyall possibleisotopesfrom thesere-
actionsin a “pure” form, i.e., individual crosssectionsfrom
a specificgiven bombardingsotope(or targetisotope,when
consideringreactionsin the usualkinematics,p + A). Such
crosssectionsare much easierto compareto modelsthan
the “camouflaged’datafrom ~-spectrometrymeasurements.
Theseare often obtainedonly for a naturalcompositionof
isotopedn atargetandaremainly for cumulative production,
wheremeasurearosssectionscontaincontributionsnot only
from directproductionof a givenisotope but alsofrom all its
decay-chaimprecursorsAnalysisof thesenew datahasmoti-
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vatedusto furtherimprove the CEM andto developaversion
of anew code,CEM2k,!9 still underdevelopment.

[l. Resultsand Discussion

First, we review the basisof the CEM andthe main dif-
ferencesbetweenthe improved cascadeeciton model code
CEM974 andits precursoy CEM952 The CEM assumes
that reactionsoccur in three stages. The first stageis the
IntraNuclearCascadgINC) in which primary particlescan
bere-scatteredndproducesecondaryparticlesseveraltimes
prior to absorptionby or escaperom the nucleus. The ex-
citedresidualnucleusremainingafterthe cascadeletermines
the particle-holeconfiguratiorthatis the startingpointfor the
preequilibriumstageof the reaction. The subsequentelax-
ation of the nuclearexcitation is treatedin termsof anim-
provedModified ExcitonModel (MEM) of preequilibriumde-
cayfollowedby the equilibrium evaporatve final stageof the
reaction.Generally all threestagescontritute to experimen-
tally measureautcomes.

An importantingredientof the CEM is the criterion for
transitionfrom theintranuclearcascadéo the preequilibrium
model. In corventionalcascadesaporationrmodels(like I1S-
ABEL andBertini’sINC usedin LAHETY) fastparticlesare
trackeddown to someminimal enegy, the cutoff enegy T
(or to a cutoff time, in the “time-like” INC models,like the
LiegeINC'?) which s usuallyabout7—10MeV abovethein-
terior nuclearpotential,below which particlesare considered
to beabsorbed.

The CEM usesa differentcriterion to decidewhena par
ticle is consideredo have left the cascade.An effective lo-
cal optical absorptve potentialW,p;. moa.(r) is definedfrom
the local interactioncrosssectionof the particle, including
Pauli-blockingeffects. This imaginarypotentialis compared
to one definedby a phenomenologicatjlobal optical model
Wopt. exp.(r). We characterizéhe degreeof similarity or dif-



ferenceof theseimaginarypotentialsby the parameter

P :l (Wopt. mod. — Wopt. ewp.)/Wopt. exp. | .

WhenP increaseaboveanempiricallychoservalue thepar
ticle leavesthe cascadeandis thenconsideredo be an exci-
ton. Both CEM95 and CEM97 usethe fixed valueP = 0.3.
With this value,we find the cascadetageof the CEM is gen-
erally shorterthanthatin othercascadenodels.

Thetransitionfrom the preequilibriumstageto the evapo-
rationstageoccurswhentheprobability of nucleartransitions
changingthe numberof excitonsn with An = +2 becomes
equalto the probability of transitionsin the oppositedirec-
tion, with An = —2, i.e., whenthe exciton modelpredictsan
equilibrationhasbeenestablishedn the nucleus.

The improved cascadeiton modelin the codeCEM97
differsfrom the CEM95versionby incorporatinghew approx-
imationsfor theelementarrosssectionaisedn thecascade,
usingmoreprecisevaluesfor nuclearmasses&ndpairing en-
ergies, using correctedsystematicdor the level-densitypa-
rametersjmproving the approximatiorfor the pion “binding
enegy”, V,, adjustingthe crosssectionsfor pion absorption
on quasi-deuterompairsinside a nucleus,consideringthe ef-
fectson cascadegarticlesof refractionsandreflectionsfrom
the nucleamotential,allowing for nucleartranspareng of pi-
ons,includingthe Pauli principlein the preequilibriumcalcu-
lation, andimplementingsignificantrefinementsndimprove-
mentsin the algorithmsof mary subroutinesdecreasindghe
computingtime by up to afactorof 6 for heary nuclei,which
is very importantwhenperformingpracticalsimulationswith
transportcodeslike MCNPX. On the whole, this setof im-
provementdeadsto abetterdescriptiorof particlespectraand
yields of residualnuclei and a betteragreementvith avail-
abledatafor avarietyof reactions Detailsandexampleswith
someresultsmaybefoundin.13

We alsomadea numberof refinementsn the calculation
of thefissionchannel asdescribedn.*141% Theoriginal ver-
sion of CEM9%) incorporatesa userselectedevel-density-
parameteformulathatis appliedto all decaychannelf an
excited nucleusexceptfor thefissionchannel For fission,the
level-densityparameteatthesaddlepointay is calculatedus-
ing ananalogougparametefor the neutronemissionchannel,
a, andaconstantatioay/a, whichsenesasafitting param-
eterof themodel. Thusthe shell-efectinfluenceon thelevel
densityin the neutronemissionchannelis automaticallycon-
veyedto the level densityat the saddlepoint. But we expect
that shell correctionsat the saddlepoint shouldbearno rela-
tion to thoseat the groundstate dueto the large saddle-point
deformation,andthe consequentlifferentmicroscopiclevel
structurenearthe Fermisurface.

We have performedcalculationsfor neutron-and proton-
inducedreactionson several targets, focusing on 2°3Pb and
209Bj, with the parametera; being enegy-independent
which is the sameas ignoring the ground-stateshell effect
on the level densityat the saddlepoint (seé¥). An example
of thesecalculationswith the original andan improved ver-
sion of CEM asdescribedn¥ is shawvn in Fig. 1. Thereis
a betterdescriptionof the experimentalfissioncrosssections
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Fig. 1 Comparisorbetweenthe experimentaldataand calculations
of the crosssectionsfor the reactions?°?Bi(p,f), 2°°Bi(n,f),
208pph(p,f), and 2°8Pb(n,f) using the original and modi-
fied versions of CEM95. The solid lines representthe
parametrizatiorby Prolofiev'*'® of the experimentaldata.
The short-dashedines shav the original CEM95 results
and the long-dashedines, the resultswith a fitted enepgy-
independentaluefor ay.

in comparisorwith the original version. Unfortunately there
remainsoneempiricalparameterB, (the normalizedsurface
area),but the enegy dependencé muchbetterreproduced.
Similarimprovementsvereobtainedor fissioncrosssections

inducedby intermediateenegy v andz— on Sn, Au, Bi, and
238 4.15)

Besidesthis modificationof the CEM95 codeintroduced
especiallyfor abetterdescriptionof fissioncrosssectionswe
have beenfurtherimproving the CEM 24 striving for amodel
capableof predictingdifferentcharacteristicef nucleareac-
tions for arbitrary tagetswith a wide rangeof incidenten-
ergies. Modifications madefor a better descriptionof the
preequilibrium,evaporatve, and cascadestageswill alsoaf-
fect the fissionchannel.We have incorporatednto the CEM
theupdatedexperimentabtomicmasgableby Audi andWap-
stral”) the nuclearground-statenasse§wheredatadoesnot
exist), deformationsandshell correctionsby Moller et al.,*®)
andthe pairing enegy shifts from Maéller, Nix, and Kratz*?)
into the level-densityformula. In addition, we have derived
a correctedsystematicdor the level-densityparametersis-
ing the Ignatyuk expressior?® with coeficientsfitted to the
dataanalyzedy lljinov etal.? (we discoveredthatlljinov et



al. usedll/\/Z for the pairing enegies A (seeEq. (3) in¥)
in derving their level-densitysystematicénsteadof thevalue
of 12/v/A statedin® ). We alsoderived additionalsemiem-
pirical level-density-parametesystematicsusing the Moller
et al.'® ground-statemicroscopiccorrections both with and
without the Moller, Nix, and Kratz*® pairing gaps,andin-
troducedinto the CEM a new empiricalrelationto take into
accounthe excitation-enegy dependencef the ground-state
shellcorrectionin the calculationof fissionbarriers(seé)).

As mentionedin the Introduction, analysisof the recent
GSI measurements? has motivated us to further improve
the CEM. The authorsof the GSI measurementperformed
a comparisonof their datato several codes,including LA-
HET,') YIELDX, 2® ISABLA (ISABEL INC codefrom LA-
HET followedby ABLA 2% evaporatiorcode) CASCADO?Y)
and the Liege INC by Cugnon'? and encounteredserious
problems;none of thesecodeswere able to accuratelyde-
scribeall their measurementsMost of the calculateddistri-
butions of isotopesproducedas a function of neutronnum-
ber were shifted toward larger massesas comparedto the
data.While in somedisagreemenwith themeasurementghe
Liege INC andthe CASCADO codesprovide a betteragree-
mentwith the datathanLAHET, ISABLA, andYIELDX do.
Being aware of this situationwith the GSI data,we decided
to considerthem ourseles, leadingto the developmentof
CEM2k.

First, we calculatedhe 2°6 Pb GSl reactior?) with the stan-
dardversionsof CEM95 and CEM97 and determined® that
though CEM95 describesquite well productionof several
heavry isotopesearthe target (we calculatep + 2%8Pb; there-
fore 298Pp is a tamget, not a projectile as in the GSI mea-
surements)it doesnot reproducecorrectlythe crosssections
for lighter isotopesin the deepspallationregion. The dis-
agreemenincreasevith increasingdistancefrom the target,
andall calculatedcurvesare shiftedto the heary-massdirec-
tion, just as was obtainedby the authorsof the GSI mea-
surements.The resultsof the CEM97 codeare very similar
to thoseof CEM95 (seea figure with CEM97 resultsin?%)).
Later on, we performedan extensive setof calculationsof
the samedatawith several morecodes(HETC 2" LAHETY
with both ISABEL andBertini options, CASCADE28) CAS-
CADE/INPE?% INUCL,39 and YIELDX %) and got very
similar results?® all codesdisagreewith the datain the deep
spallationregion, the disagreemenincreasesas one moves
away from the target, andall calculatedcurvesare shiftedin
theheary-masddirection.

This meansthat for a given final element(Z), all models
predictemissionof too few neutrons. Most of the neutrons
areemittedat thefinal (evaporation)stageof a reaction.One
way to increasethe numberof emittedneutronswould be to
increasethe evaporatve partof a reaction. In the CEM, this
mightbedonein two differentways: thefirst wouldbeto have
ashorterpreequilibriumstage sothatmoreexcitationenegy
remainsavailable for the following evaporation;the second
would beto have alongercascadetage sothatafterthe cas-
cade,lessexciton enegy is availablefor the preequilibrium
stage sofewer enepgeticpreequilibriumparticlesareemitted,

— T T T T
1021 —— CEM2k LAHET-ISABEL - --- LAHET-BERTINI -
m |TEP data

* GSl data

ngmb

-
T
1

Cross section [mb]
5

T

I

2
10 * E

ot
———— T
102 7 CASCADE —— CASCADE/INPE - INUCL

= |TEP data
* GSl data o e m

10
69

m

-
T

Cross section [mb]

N
1S
T

2
10

150 160 170 180 190 200 210
Product mass number

Fig. 2 Mass distributions for independentproductionof Tm, Ir,
and Tl isotopesfrom 1 GeV protonscolliding with 2°6Ph
Starsare GSI measuremenf®, while squaresshav ITEP
data®® The calculationsareidentifiedas: CEM2k—ourre-
sults, CEM95—Ref.? LAHET-ISABEL—Ref.}¥) LAHET-
Bertini—Ref.}Y) CASCADE/INPE—Ref2® CASCADE—
Ref.?® INUCL—Ref.*? andYIELDX—Ref.%

leaving moreexcitationenegy for the evaporatve stage.
Oneeasyway to shortenthe preequilibriumstageof a re-

actionin CEM is to arbitrarily allow only transitionsthatin-

creasdhe numberof excitons,An = +2, i.e,, only allow the
evolution of a nucleustoward the compoundnucleus.In this
case,the time of the equilibrationwill be shorterand fewer
preequilibriumparticleswill be emitted,leaving more exci-

tation enegy for the evaporation. Suchan approachs used
by someotherexciton models for instancepy the Multistage
PreequilibriumModel (MPM) usedin LAHET.Y) Calcula-
tionsusingthis modificationto CEM97 (seeFig. 2din'?) pro-
vide a shift of the calculatedcurvesin theright direction, but
only slightly improve agreementvith the GSl data.

A secondmethodof increasingevaporationis to enlage
the cascadeart of a reaction;we may eitherenlage the pa-
rameterP or remove it completelyandresortto a cutoff en-
engy T, asis donein otherINC models.Calculationshave
shavn thatareasonabléncreaseof P doesnt solve the prob-
lem. However, if we do not use?P, but insteadusea cutoff
enegy of T, = 1 MeV for incidentenegiesabove the pion
productiornthresholdthecodeagreesvith the GSl datasignif-
icantly better(seeFig. 2ein'?). Usingboththeseconditions
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Fig. 3 Comparisorof measuretf doubledifferentialcrosssections
of neutronsfrom 0.8 GeV protonson Pb with CEM2k and
CEM97 calculations.

leadsto resultsthatdescribehep + 298 PbGSl datavery well.

We call thisapproachCEM2k. An exampleof CEM2kresults
for theyield of Tm, Ir, andTI isotopedrom p + 2°8 Phinterac-
tionscomparedo the GSIPP) andITEP?Y dataandwith predic-
tions by CEM95, LAHET-ISABEL, LAHET-Bertini, CAS-
CADE, CASCADE/INPE,INUCL, andYIELDX is shovnin

Fig. 2. Similar comparisongor moreisotopesmay be found
in.10:26:31) \We find that CEM2k agreesbestwith theseGSI

(andITEP) dataof the codestestedchereandin.0:26:31)
Findingagoodagreemenof CEM2k with theisotopepro-

duction,we wish to seehow well it describespectraof sec-
ondaryparticlesin comparisorwith CEM97.Figure 3 shows
examplesof neutronspectrarom interactionsof protonswith
the sametarget, 2°6Pb at 0.8 GeV (we do not know of mea-
surementsof spectraat 1 GeV, the enegy of the isotope-
productiondata). We seethat CEM2k describesspectraof
secondaryneutronscomparablyto CEM97, even possiblya
little betteratlargerangles Similarresults® holdfor 1.5GeV
protonson 2°8Pp32) So this preliminary versionof CEM2k,
describeshoth the GSI datafrom 2°8Pb interactionswith p
at 1 GeV/nucleonand the spectraof emitted neutronsfrom
p+2%8Pbat0.8and1.5GeV betterthanits precursoiCEM97.
We use CEM2k as fixed from our analysisof the 29¢Ppb
dat& ") without further modificationsto calculatethe °7 Au®
and238U8 GSI measurementsAn exampleof the yield of
several isotopesfrom 197 Au calculatedby CEM2k is shovn
in Fig. 4 togethemwith standardCEM97 predictionsandcal-
culationsby LAHET-Bertini andYIELDX codesfrom.?) We
seethatjust asin the caseof the 2°8Pb data, CEM2k agrees
bestwith the 1°” Au datain the spallationregion comparedo
the other codestestedhere. Several more resultsfor °7Au

and?38U andtheir detaileddiscussiormaybefoundin.'®)
Besidesthe changeto CEM97 mentionedabove, we also

madea numberof otherimprovementsandrefinementssuch
asimposingmomentum-engy consenation for eachsimu-
lated event (the Monte Carlo algorithm previously usedin
CEM providesmomentum-engyy conseration only statisti-
cally, on the average but not exactly for the cascadestageof
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Fig. 4 Isotopicdistribution of spallationproductsfrom the reaction
197Au + p at 800 A MeV from mercuryto hafnium. Open
circles are the GSI data® CEM2k (thick solid curves) and
CEM97 (thick dashedcurves) are our presentcalculations,
LAHET-Bertini (thin solid curves)andYIELDX (thin dashed
curves)arecalculationgrom.?

eachevent); using real binding enegiesfor nucleonsat the
cascadestagensteadof theapproximatiorof aconstansepa-
rationenegy of 7 MeV usedin previousversionof the CEM;
using reducedmassef particlesin the calculationof their
emissionwidthsinsteadof usingthe approximationof no re-
coil usedpreviously. In Figs. 5 and 6 we show thatthesere-
finementg(which involve no further parametefitting), while
improve slightly the agreementvith the GSI measurements
(andotherdataon mediumandheavy targets),arecrucial for
light targets,especiallywhencalculating* He andotherfrag-
mentemissionfrom light nuclei. Thisis especiallyimportant
for applicationsveregasproductionis calculated.

Anotherimprovementimportantfor applicationsis better
representinghetotal reactioncrosssection.Previousversions
of CEM calculatethe total reactioncrosssection, o;,, (just
like mary otherINC-typemodels)usingthegeometricatross
section,o4eom, andthe numberof inelastic, N;,, andelas-
tic, N, simulatedevents,namely:o;, = 0geom Nin/(Nin +
Ne;). This approachprovidesa good agreementvith avail-
abledataatincidentenegiesabove aboutl00MeV, but is not
reliable at lower bombardingenegies. To addresghis prob-
lem, we have incorporatednto CEM2k the NASA system-
aticsby Tripathi et al.3¥ for all incidentprotonsandneutrons
with enegiesaborethemaximumin theNASA reactioncross
sectionsandthe Kalbachsystematic®) for neutronsof lower
enegy. As shovnin Fig. 7, we candescribemuchbetterwith
CEMZ2kthetotal reactioncrosssectiongandcorrespondingly
ary other partial crosssections)for n- and p-inducedreac-
tions, especiallyat enegiesbelav about100MeV.
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Fig. 5 An exampleof how takinginto accountthe real binding en-
ey of the cascadenucleons the reducedmassesn calcu-
lating the widths of preequilibriumandevaporatve particles,
andimposingmomentum-engly conseration for eachcas-
cadeeventin CEM2k affect the yield of Tm, Ir, and Tl nu-
clidesfrom p(1 GeV)+ Pbreactionspxperimentaldata(sym-
bols)arefrom GSImeasuremenf3.

I1l1. Further Work

CEM2Kkis still underdevelopment.For instance we hope
to betterdescribecomplex-particle and light-fragmentemis-
sion,a problemrelatedto the poorapproximationdor inverse
crosssectionswe still usein the CEM. We have compiliedall
experimentaldataand phenomenologicasystematicon in-
versecrosssectionswe could find andhave developeda uni-
versalroutine, HYBRID, which givesinversecrosssections
of nucleonscomplex particlesup to *He, aswell asof hea-
ier fragments pasedon 343 We also developedalgorithms
allowing usto usearbitraryapproximationgor inversecross
sectionswhen calculatingthe widths andkinetic enepies of
emittedparticlesandfragmentsanddevelopedaswell arou-
tine to calculatecoalescencef complex particlesfrom emit-
ted fastcascadenucleons.We needto work moreon this to
decidewhatshouldbethe heariestfragmentto be considered
asproducedria evaporatiorfrom acompounchucleusformed
in areactionandto fix all parametersk-or this, we needto an-
alyzealot of moreavailable datawith CEM2k, especiallyat
lowerincidentenegies.

Our work on fissionin CEM is alsonot finished. For in-
stancewe are not satisfiedwith the situationthatin the im-
provedversionsof the CEM we still have anadditionalinput
parameteto describefissioncrosssections:either By, in the
approach? illustratedin Fig. 1, or ay/ay,, in our later ver-
sion® In addition, currently CEM hasno modelof fission-
fragmentformation. Thereforeyesultson nuclideyieldsfrom
CEM95,CEM97,0r CEM2k shown herereflectonly the con-
tribution to the total yields of the nuclidesfrom deepspalla-
tion processesf successie emissionof particles,but do not
containfission productsor the contributionsto spectrafrom
evaporationfrom them. To be ableto describenuclide pro-
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Fig. 6 An exampleof how takinginto accounthe effectsdiscussed
in previous figure affect the 28 Si(p,x)*He excitation function
(gasproduction).Data(circles)arefrom anextendedversion
of our compilationof experimentakrosssections’™

ductionin thefissionregion, currentlythe CEM hasto besup-
plementedby a model of fission (e.g., in the transportcode
MCNPX % whereCEM97andCEM2k areused they aresup-
plementedy the RAL fissionmodef?).

Whenwe completeCEM2k to a reasonabldevel, we plan
to incorporatet into LAHET ' andto replacethepresenver-
sionin MCNPX® andreplaceCEM95in theMARS codesys-
tem39)
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